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It was recently discovered that in electron-irradiated germanium doped with oxygen a local vibrational mode
occurs at 669 cit that could be ascribed to the negatively charged oxygen-vacancy cofiy@&y. In the
669 cnT! band and in another unassigned band at 73T ctue to a different defect, fine structures indicating
the occurrence of a germanium isotope splitting of the modes could be partly resolved. We report here the
results of high-resolution(=0.02 cm?) infrared measurements at liquid helium temperature of bands at
635,669,716,and 731 cth In this work, the experimentally observed splitting of all four local vibrational
modes and the amplitudes of the individual components within each mode are accurately predicted from a
nonlinear symmetric GeO —Ge quasimolecule embedded in the germanium lattice. Electron paramagnetic
resonance measurements have also been performed on an O ‘dGgeduasi monoisotopic sample after
electron irradiation. The symmetry of the dominant paramagnetic defect in the sample is found to be ortho-
rhombic | and the principa) values are in good agreement with those reported earlier for the cédter.
Through annealingat 120 °Q a correlation can be made between the intensity of this electron paramagnetic
resonance signal and the infrared band at 669'ciiving explicit support to earlier identifications of these
signals as due to VO

DOI: 10.1103/PhysRevB.70.035203 PACS nuni®er61.80.Fe, 63.20.Pw, 61.72.Tt

I. INTRODUCTION 620 and 669 cit, assigned to V& and VO respectively,
The oxygen-vacancyVO) defect is one of the dominant While another_stuofya_rgugs that a third LVM at 716 cthis

defects produced by room temperat(Ry) irradiation of O related to \_/(3 . This implies that, as in _Sl, the frequency of
doped Ge. The defect forms through trapping of mobile vathe stretching mode of the VO center in Ge depends on the
cancies(induced by irradiationby interstitial O atomg0;).  charge state of the defedb initio calc_ulaﬂon% of the bond
It is generally accepted that in 8Ref. 1) and Ge, the VO lengths and angle of VO in Ge predict a very small shift of
defect has orthorhombic symmetry, with the O atom bondedhese quantities and of the stretch frequency betweef VO
to two of the four Si or Ge nearest neighbor atoms surroundand VO. We reported in a previous stutlthat the LVM at
ing the vacancy, while a reconstructed bond is formed be669 cni* assigned to VO and a yet unassigned band at
tween the remaining unpaired atoms. In Ge, this conclusio@31 cn* exhibit fine structure near liquid helium tempera-
was drawn in 1964 from electron paramagnetic resonanceires(LHeT), probably as a consequence of Ge isotope split-
(EPR measurements on electron-irradiated O doped ting. However, a detailed study of the fine structure could not
samples. This reference included also a comparison of thise made with the resolution available. In this paper we report
intensity changes of electron-induced infrared local vibra-on the investigations with high-resolution of the LVM's at
tional modegLVM’s) and of the VO EPR signal under ther- 635, 669, 716, and 731 ¢ followed by a study of the ob-
mal annealing. However a clear correlation between some aferved fine structure and a new combined EPR, IR study of
the LVM’s and the VO center in Ge was only published inthe VO defect using monoisotopit“Ge.
1965, when Whan suggested from her thorough IR investi-
gation that a LVM at 620 cit was associated with the VO

. - . Il. EXPERIMENTAL DETAIL
center In a recent EPR studyon quasimonoisotopitQMI) S

"Ge a slightly different g value in th€100 direction was Five O doped Ge samples were used in this study. Prior to
reported for the VO defect as compared to that of the former irradiation, they were subjected to a 5 min oxygen dispersion
EPR study. treatment at 900 °C followed by a quench to RT, in order to

Only recently it was report@dhat the VO center in Ge anneal out any uncontrolled defect formed during the
doped with 10 is responsible for at least two LVM's at cooling-down of the crystal. The;@oncentration was mea-
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TABLE |. Characteristics of the Ge:O samples investigated including the 2 MeV electron fluences.

Samples A, B, C, and D come from natural material and sample E fronT%ei material. The Qconcen-
tration in sample A is fort®0.

Sample [O] (cm™3) Fluence(cm™) Post-irradiation treatment
A 3.3x 10 3.8x 10 None
B 2.5x 107 3.8x 10 None
C 2.9x 107 1.5x 106 None
D 2.7x 10 5.0x 107 120-240 °C anneals
E 3.3x 10 3.8x 10 None

sured after the quench and determined from the peak absorppectrometer for the high-resolution measurements at LHeT.
tion of the v; mode at RT, using a conversion fadaf 5 X-band (»=9.57 GH2 EPR measurements on sample E
% 10* cm™2. Sample A was doped witHO to an Q concen-  were performed at 40 K using a Bruker ESP300E spectrom-
tration of 3.3x 10 cm 3, the1%0; concentration being about eter equipped with an Oxford ESR10 cryostat, before and
six times lower. Samples A, B, C, and D were ideally pre-after a thermal treatment of 20 min. at 120 °C. DPgR-
pared for IR measurements in order to detect LVM's atdiphenyl-1-picrylhydrazyl was measured for field calibra-
635, 669, 716, and 731 ch respectively. Sample E was tion. The long axis of sample E is oriented along14.0)

prepared primarily for EPR measurements. All samples wergirection, which allowed the angular dependence of the spec-
irradiated with 2 MeV electrons and the temperature of thera to be recorded in 6110) plane.

samples during irradiation was kept close to RT in order not
to anneal out the VO centers produced. Sample C received a
second heat treatment at 350 °C for several hours in flowing
argon before irradiation. This treatment was intended to pro- A. FTIR spectra

duce thermal donors in order to increase the free electron High-resolution spectra of the bands at 635, 669, 716
concentration for trapping by VO to produce ¥0during 14731 cmt at LHeT are shown in Figs. 1, 2, and 5,and 7.
@rradiation. The irradiation dose for this sample was kept loWrpa solid curves in the upper half of the figures correspond
in order to keep the electrons trapped on %7.0s°ochronal to the experimental spectra and they are shifted upwards for
anneals of 20 min. at 120, 160, 200, and 240 °C were pefg|5rity The lower part of the figures shows the Gaussian
formed on sampIiD in flowing argon to get a high absorp-c, e fitted to the spectrum. The open circles represent sum-
tion of the 7,31 cm- band, n accordan(_:e With our previous aiion of the Gaussian curves and are also shifted upwards
study’ The different experimental details of all samples aregy cjarity. The fine structure of the bands bears some resem-

shown in Table . _ blance to the high-resolution spectra of tiyeantisymmetric
The IR spectra were recorded with a Bruker IFS66V FTgiratch mode of interstitial oxygéh.

spectrometer for the de_tlerminati(_)n of theddncentration at The splitting of the Qband arises from the rotation of the
RT (resolution= 1.0 cm™) and with a BOMEM DA3+ FT 5 4t0m around the GeGe axis of the quasimolecule on the

. . m X
measurement one hand and from the different isotopiGe"Ge combina-

04 . © summation Gaussians
' fitted Gaussian curves 7.0

IIl. EXPERIMENTAL RESULTS AND DISCUSSION
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FIG. 1. Absorption of the LVM at 635 cm in sample A at Wave number (cm™)
LHeT. The resolution is 0.04 cth This LVM is the 80 counter-
part of the®0 LVM at 669 cmi* shown in Fig. 2. The arrows FIG. 2. Absorption of the LVM at 669 ci in sample B at
indicate the average or true masses of the two Ge neighbors of tHeHeT. The resolution is 0.02 cth The arrows have the same
O atom. meaning as in Fig. 1.

035203-2



HIGH-RESOLUTION LOCAL VIBRATIONAL MODE ... PHYSICAL REVIEW B 70, 035203(2004)

TABLE II. Relative intensities of bands corresponding to differ- 25

ent"Ge"Ge combinations based on the abundances of natural Ge. ] 8 ;‘51'2
(May) Combinationn-m Predicted ;\3 20'; <A> ;g'g
intensity (%) > ] :
£ ] 0 73.0
70 70-70 4.2 P ]
71 70-72 11.3 S o *;Z-g
— o) ] -
71.5 70-73 3.2 3 : O 715
72 70-74,72-72 22.5 3 . 7 71.0
725 72-73 43 a ] < 70.0
73 70-76, 72-74, 73-73 23.8 ]
73.5 73-74 5.7 04— T T T T T 1
74 72-76. 74-74 176 0.00 0.01 0.0 0.03 0.04 0.05 0.0
74.5 73-76 1.2 Integrated absorption (cm'z)
75 74-76 5.7 _ S _
76 76-76 0.6 FIG. 3. Integrated absorption vs predicted intensity of the band

at 635 cm?. The different modes are indicated by their average Ge
masses.

tions on the other hand. In the case of QiBe, the rotation

of the O atom resulted in four observable vibration-rotation To further check whether the fine structure of the bands
lines near LHe A similar rotational splitting is expected can be ascribed to a nonlinear symmetric-G@—Ge mol-

for every distinct'Ge-"Ge combination. Thus in natural Ge, ecule in a Ge crystal lattice we calculated the isotopic shifts

where 15 different G combinations occu(the isotopic  of the v; mode of such a quasimolecule from Ha) by a
abundances (%) of natural Ge are °Ge: 20.52, best-fit procedure:

?Ge: 27.43,73Ge: 7.76, "“Ge: 36.54,"5%Ge: 7.76, 60
vibration-rotation lines are predicted in the spectrum of v3(“Ge, 0) \/MGeMO(M,O+2MkGesin2a)
13(Ge0) VM M (Mo +2Mgsirfa)”

the v5(*%0) mode. However, some of tH&e"Ge combina- 1)
tions have the same average massg., °Ge-O and
7°Ge-O-7GGe) as a result of which the corresponding transi- |n this equationMy stands for the mass of atoX) kGe or
tions will be difficult to distinguish. It is also possible that 'O stands for an isotope of Ge or O and &tands for the
some of the four vibration-rotation lines of a given apex angle of the nonlinear symmetric -G®—Ge mol-
"Ge-"Ge combination coincide with a vibration-rotation line ecule. In the case of inequivalent isotopic substitutions of the
of another"Ge"Ge combination. For these reasons only 25two Ge atoms, it has been shoWthat the asymmetric qua-
individual lines in thev; antisymmetric stretch mode of,O simolecule M:Ge—0O—M2Ge is equivalent to
could be resolved in the most recent experiméfts. MsGe—0O—MsGe, whereM; is the arithmetic mean ol
andM,. If no prefix is used in Eq(l), we mean the Ge or O

1. The635and 669cm™! bands X )
atom used as reference relative to which all the wave num-

The LVM’'s at 635 and 669 cit have previously been
assignee@l'®>14to the VO defect in Ge crystals doped with
80 and'®0, respectively. At a difference with the vibra-
tional structure of Q the absence of fine structure for each
isotopic combination of VO seems to indicate that no rota-
tion of the O atom takes place in this defect. This means that
the fine structure we observe can probably be ascribed only
to the different"Ge"Ge combinations. To check this as-
sumption we have plotted the predicted relative intensities of
the individual components given in Table Il and based on the
isotopic abundances of natural Ge against the integrated ab-;
sorption of the fitted Gaussian curves for the two bands. The
results are shown in Figs. 3 and 4. The graphs indicate that &
there is a clear linear dependence between the two quantities
for the two bands. The fact that the fitted lines do not exactly
pass through the origin of the graphs can be ascribed to the
used baseline corrections in the spectra. The linear depen-
dence is a first indication that the defects responsible for
absorption at 635 and 669 cfare both due to an O atom FIG. 4. Integrated absorption vs predicted intensity of the band
bonded to two equivalent Ge atoms and this is consisterdt 669 cm?. The different modes are indicated by their average Ge
with the earlier assignments. masses.

redicted intensity (%)

Integrated absorption (cm'z)
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TABLE Ill. Comparison of the experiment&e isotope shifts of TABLE V. Isotopic shifts for the 716 and 731 ¢hbands; ex-
the 635 and 669 cm bands with those calculated from from Eq. perimental wave numbers vs calculated wave numbers. Upper part
(1) with 2=102°,m’ =23 amu. The reference {$1,,)=71 amu. of the table: Ge isotopic shifts. Lower part of the table: O isotopic

shifts.
635 cm! band 669 cm® band
716 cmi! band 731 cmt band
(Ma) Exp. Calc. Exp. Calc.
(Mg Exp. Calc? Exp. Calc?
70 636.88 636.87 670.34 670.35
71 636.41 636.41 669.91 669.91 70 717.58 717.56 732.94 732.95
715 636.19 636.18 669.71 669.69 71 717.12 717.12 732.50 732.50
72 635.96 635.95 669.50 669.48 71.5 716.96 716.90 732.28 732.27
725 635.68 635.73 669.27 669.26 72 716.72 716.68 732.06 732.05
73 635.50 635.50 669.08 669.05 72.5 716.52 716.46 731.85 731.83
73.5 635.25 635.28 668.86 668.84 73 716.26 716.25 731.62 731.61
74 635.05 635.06 668.67 668.64 73.5 716.06 716.04 731.40 731.40
74.5 634.78 634.85 668.48 668.43 74 715.80 715.83 731.19 731.19
75 634.62 634.63 668.28 668.23 74.5 715.58 715.62 730.96 730.98
76 - - 667.88 667.83 75 715.41 715.41 730.78 730.77
Natural Ge Exp. Calc. Exp. Calc.
bers are calculated. In the case of Ge isotopic shifts, we 15
choose for this reference tH8Ge—%0—"°Ge quasimole- ) 716.2 716.20 7314 731.40
cule, labeled a$M,,)=71 in Tables Il and V. f0 680.4 679.98 694.6 694.00

Because the quasimolecule is embedded in the crystal Weggjculated from Eq(l) with 22=107°, m' =23 amu.
also take into account an interaction mass empirically  bcalculated from Eq(l) with 2a=123°,m’' =16 amu.
added to the Ge atom mass. Thus in Ef, Mge (with or  cReference 13.
without prefix should be replaced witMge+m’'. With the  dreference 19.
equation, we can calculate the shift in wave numbers due to

the substitution of a Ge or an O atom in the-G@—Ge  1he fitting procedure with Eq(1) indicates that the 635
quasimolecule. For the two bands involved, the couple: inyny the 669 ciit bands belong to the same nonlinear

teraction mass and apex angte';2) is determined through 5o 5 Ge defect and that the observed fine structure can

a best-fit procedure of the theoretical calculated LVM'S topq gqcribed only to the vibration of the involved molecules
three experimental datasets. These three datasei®)dlee  5nq not to rotation. Both observations are in agreement with

wave number shifts due to a Ge substitution in the 635 banghe model of the VO defect. where the O atom is bonded to
assigned to YO, (2) the wave number shifts due to a Ge o equivalent Ge atoms without the possibility for the O
substitution in the 669 band assigned t§®", (3) the wave atom to rotate around the GeGe axis.

number shifts between components of the 635 and the 669 \yjih the fitted apex angle and the assumpitmat the

bands due to O substitution. As a result of the fitting proceyistance between the Ge and the O atom remains the same as
dure to the three datasets, we can calculate all wave numbgy GeO, (1.74R) we may calculate the different bond
Eh'ﬁj with the cgupl&m’ ?23 amubl; 21:10ﬁ°) for the ftWO +, lengths in the VO defect. The results are shown in Table IV.
ands, as can be seen from Tf"‘ € !”' The error of such ga"fing that the O atom is moved away from the vacancy
fitting procedure on the®value is estimated at around 2%. site by an amount of only 0.3& while the two nearest

This estima’_[e was found fchrough comparison of the fitted 2 eighbor Ge atoms are drawn closer to each dib@mpared
values obtained by applying the best-fit procedure to each qf a2 perfect Ge crystal and assuming that the-Ge axis is
the above datasets separately. unchangegd The O atom is thus placed near the substitu-
TABLE IV. Comparison of the geometrical parameters of VO tional site and this picture is different from that of the theo-

in Ge as deduced from the Ge isotope effect of the 635 andetical study where the distance between the O atom and the
669 cnt! LVM's and from theab initio calculations of Ref. 7v vacancy was found to be 1.1(placing the O atom near the
denotes the center of the vacancy. Labels of Ge atoms are those akis of the nearest Ge neighbpr3he apex angle for the
Fig. 11. The second nearest neighbor distance in Ge is 4.00 A. VO~ defect in the theoretical study was also found to be

larger.
This work Ref. 7
Ge—0O—Ge, apex anglgdegree} 102 152 2. The716cm™* band
Ge—O0 bond length(A) 1.74 1.79 As mentioned in Sec. Il, special care was taken in order to
Ge—Gag, distance(A) 2.70 3.46 produce the 716 cm band. Since the band has been
O—V distance(A) 033 114 ascribed to the VO~ defect, it can only be observed in an

n-type irradiated O doped Ge sample. We therefore induced
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] . measurement from the larger noise of the spectrum of sample C.
0.5 i o summation Gaussians If we are indeed dealing with a Ge-Ge isotopic fine struc-
1 3 fitted Gaussian curves

ture in the band, then we should be able to calculate the
different isotopic shifts from Eq.1), again through a best-fit
procedure. No spectrum of th&O counterpart of the
716 cmi! mode (and also of the 731 cm band discussed
below) has been obtained in the present study. In such a
situation, it is impossible to find a unique’ ; 2«) set from

the 10 mode alone. A low-resolutiotfO counterpart of the
716 cmi! band has been reporfédit 680.4 crt. However,

this latter value is derived from an absorption band without a
clear peak position and should therefore not be used in a
high-accuracy fitting procedure. In order to get a unique set
(m' ; 2a) we use the value o’ obtained above for the
Wave number (cm™) VO~ defect. The reason for this is that singeg represents
the binding of the quasimolecule to the crystal, this param-
eter should not vary much with the charge state of the defect.
Keepingm’=23 amu results then ina2=107°. The agree-
ment between calculated and experimental positions of the
Ge isotopic lines using these values of the parameters is ob-
thermal donors into a quenched sample by thermal treatmentious from Table V. Furthermore, with the same values and
This sample received a much lower electron irradiation dos@sing the low-resolution position of 716.2 cnfor the
than the others, because according to Refs. 16—18, the Ferwil®02~ LVM given in Ref. 13, the position of the ¥02-
level is pinned to thé&,+0.27 eV level in highly irradiated O  band is predicted at 679.98 chclose to the observed value
doped Ge. Thus a high irradiation dose would result iman 680.4 cm?.

to p-type conversion. The high-resolution IR measurement of Comparing the @ values of the VO and the V3~ de-

the peak can be seen in Fig. 5. The quality of the spectrum ifect, we see that they differ by about 5%. This relative dif-
not as good as for the other spectra presented in this articléerence only exceeds the predicted accuracy of the difference
The reason for this is the combination of a rather low con-hetween two & values(2x2%=4%) by a small amount
centration of V3~ as a consequence of the low irradiation and thus care should be taken on the conclusions drawn. If
dose, and the presence of free carrier absorption in this pathe slightly larger value for @ in VO?~ is significant, we can
ticular wave number range due to the presence of thermaonclude that the extra electron places the O atom somewhat
donors. Nevertheless, one can see in Fig. 5 that the band alg@rther away from the substitutional site, indicating that the
displays a fine structure which resembles the Ge isotop® atom moves closer to the GeGe axis as the defect gets
splitting. In Fig. 6 we again plotted the integrated absorptionmore negatively charged. Apparently the extra electron in the
of the fitted Gaussian curves versus the expected intensifeconstructed Ge-Ge bond pushes to O atom further away
and it is fitted with a linear relationship. The larger scatteringfrom the center of the vacancy.

of the data points as compared to Figs. 3 and 4, and 8 results In this respect it should be mentioned that the present
high-resolution experiments confirm our earlier observation

Absorption coefficient (cm™)

71565 7160 7165 7170 7175

FIG. 5. Absorption of the LVM at 716 ci in sample C at
LHeT. The resolution is 0.16 cth The arrows have the same
meaning as in Fig. 1.

25+ that the LVM band at 620 ci ascribed to the V®defect
] displays no fine structure as found for the v@nd VG~

201 bands. Furthermore, no fine structure is seen in the equiva-
< lent V80O counterpart at 590 cth. We may only speculate
< on the origin of this lack of fine structure. Perhaps the lack of
%‘ 15 an extra electron in V®places the O atom even closer to the
S 1 substitutional site, consistent with the idea that extra elec-
E ] w 72.5 trons in the Ge-Ge bond of VO push the O atom further
9 107 > 720 away from the vacancy site. In the case of M@ may then
g ] o715 be concerned with a more @@-like molecule instead of a
® 5] v 7.0 Ge,0-like molecule. The high number of Ge isotopic com-
o < 70.0 binations may then lead to unresolvable bands.

0l 2~ —_— 3. The731 cni! band

0.00 0.05 0.10

We know from our earlier studythat the defect respon-
Integrated absorption (cm™) sible for the 731 cm' band cannot be associated with the VO
defect because it has a very different annealing behavior.
FIG. 6. Integrated absorption vs predicted intensity of the bandl'his is the reason why, in order to form the defect, we sub-
at 716 cm. The different modes are indicated by their average Gemitted the sample to a thermal treatment as described in Sec.
masses. II. The result of the Gaussian curve fitting to the high-
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measurement TABLE VI. Comparison of the principal g values corresponding
o summation Gaussians to the VO defect
1.2 fitted Gaussian curves )
10 g values Baldwif Khirunenkd This study
Ox,(011) 2.0046+0.0010 2.0044 2.0046+0.0008
08 Oyi00  2.0098+0.0010 2.0081 2.0081+0.0006
Oz,011) 2.0426+0.0010 2.0431 2.0428+0.0006

0.6

aReference 2.
bReference 4.

Absorption coefficient (cm'1)

that the band is related to a,@(n>1) center. However, we
should keep in mind that in Si, the \JQlefect can be con-
sidered as two practically independent-SD—Si defects
with main axes mutually orthogonal sharing the same
Wave number (cm™) vacancy® Hence, an attribution of the 731 chband to

VO, does not contradict the GeO—Ge quasimolecule as-
FIG. 7. Absorption of the LVM at 731 cm in sample D at sumption.

LHeT. The resolution is 0.05cm The arrows have the same
meaning as in Fig. 1.

B. EPR study of VO~
resolution measurement and the plot of integrated absorp- _ _
tions of the fitted Gaussian curves versus the expected inten- 1. Earlier studies
sities if we are again assuming a Ge isotope splitting can be EPR measurements of the V@efect in Ge have been
seen in Figs. 7 and 8. Again, the linear dependence in Fig. Berformed beforé* However, there exists a small discrep-
is striking. A best-fit procedurgsimilar to the ones described ancy between the articles concerning the g value of the de-
abovg to the experimental LVM's of the band yields’  fect in the(100) direction. The study by Baldwfnwas per-
=16 amu and 2=123°. Table V shows that the difference formed on natural Ge. It was concluded that a paramagnetic
between the experimental and the calculated LVM's of thiscenter withS=1/2, present after irradiation, was due to the
band with this couple is small. As in the case of the 716'cm vO- defect. The assignment was based on the observation
band we needed extra information to obtain the uniquehat in Si the dominant defect after irradiation is the VO
couple(m’; 2a), this extra information was given by the fact center and the similarity of the observed g shifts of the center
that the®0 counterpart of the 731 cthband is known to  in Ge with those of the VO center in Si, taking into account
have® a LVM at 694.0 c™. We may conclude that the spec- the different spin-orbit coupling constants. The study also
trum of the 731 cm' band clearly exhibits Ge isotope split- included an annealing experiment in which the evolution of
ting and this is an indication that the defect responsible fokeven LVM’'s was monitored. One of the conclusions was
the 731 cm* band must resemble a GeO—Ge quasimole-  that the defect responsible for the EPR signal is not associ-
cule. Regarding the higher formation temperature of theyted with the 715 ciit band.
band, the most straightforward identification might thus be The results presented in Ref. 4 were obtained on QMI
’“Ge and the changes in the EPR signals corresponding to

] VO~ and divacancie$V,) were examined as a function of
251 annealing. It is, however, not clear which of the g values
~ 1 +760 listed in this reference belong to the ¥nd the VO centers.
X 20 0750 Through similarity with the data presented by Baldwin, we
%‘ ] X 74.5 believe we have selected the g values belonging to the VO
S 15 o ;g‘g center. Within expgrimental error th_e g values for both ex-
=R ) % 725 periments, shown in Table VI, are in agreement except for
E 104 > 72.0 the Oy, K100 value.
O ]
3 ] oo
a 5-: 4 700 2. EPR spectrum of VO
] As mentioned in Sec. Il we used QMiGe for the present
0 T T v 1 EPR study. The’3Ge concentration in this QMI sample is
0.00 0.05 0.10 015 0.20 thus very small and the broadening of the EPR lines due to
Integrated absorption (cm-2) the spin 9/2 and the large nuclear momentum of this isotope

is virtually absent,allowing an accurate analysis of the EPR
FIG. 8. Integrated absorption vs predicted intensity of the bancsignals.
at 731 cm?. The different modes are indicated by their average Ge The results of our EPR measurements can be seen in Fig.
masses. 9, where the EPR spectra in both tfiel0) and the(100
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[111] [011]

bc |

Angle o(deg)

FIG. 10. Angular dependence of the princigphalues of the

VO~ EPR spectrum for the magnetic fieRl rotating in the(011)
plane. The labels correspond to the six different orientations of the
defect in accordance with Fig. 11. The markers represent the actual
experimental data, the solid lines are fitted to the data.

showed exactly the same annealing behavior after a heat
treatment of 125 °C for 40 min.

The similar annealing behavior of the EPR signal ascribed

to the VO defect and the LVM at 669 citt is a confirma-
tion of the earlier assignment of the 669 ¢nand to VO.

In this respect, the conclusion drawn by Baldthat the
EPR signal is not associated with the 716 ¢rband is cor-
rect.

Figure 10 shows the angular variation of the EPR signal

for rotation of the magnetic field in th€011) plane. The
angular dependence of the princigplalues is typical for a
defect which exhibits orthorhomblcsymmetry. The six dif-
ferent defect orientations are labeled in accordance with Fig.
11. Because we are measuring ii1d0)-symmetry plane of

the defect, the resonances of the orientatiahs ac and
directions are plotted before and after the anneal. The nunbd, cd coincide. This symmetry is reflected in tigetensor.

ber of scans in the spectrum after the anneal is ten times

higher in order to get a reasonable signal to noise ratio for
the VO signal. As a result, the general noise level of the
second spectrum is lower by a factor of 3. The EPR signals
of the paramagnetic center, corresponding to the different
orientations of VO defined in Fig. 11, are indicated by ar-
rows. The large EPR signal centered around 3412 G, which
does not evolve during the annealing, is related to the EPR

cavity and may be used as a reference for the signal height.

Although sample E was primarily prepared for EPR mea-
surements, we could measure IR absorption at 669.chine
inset of Fig. 9 shows the absorption spectrum of the band
before and after the anneal. A high-resolution IR measure-
ment of this LVM was not performed due to the rather low

[oii]

absorption coefﬁcient. Bgsed on the position, the Iing shape FiG. 11. Model of the negatively charged oxygen-vacancy de-
and the annealing behavior, we have no doubt that this LVMect in Ge. A white sphere represents a Ge atom while the black

is exactly the same as the one described in Sec. Il A 1. Aphere represents the O atom. The latter is slightly displaced from

comparison between the evolution of the 669 tivand and

the substitutional site along@00 direction. The defect is shown

the evolution of the EPR signal, as a consequence of th@ the standard orientation ad. In this orientation, the defect electron
thermal treatment, shows that in both cases the signals d& mainly localized in the reconstructed dangling bond between the

crease by a factor of 3 to 4. The EPR signal from Ref. 2atoms a and d.

035203-7
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The principal values of the latter were calculated by a com- We find that the observed fine structure in the high-
puter fit of the measured magnetic resonance fields to theesolution measurement of the 716¢nband can also be

equationH = ugB-§- S, which accounts for the interaction be- ascribed to a defect with a single O atom bonded to two
tween the unpaired electron of the defect and the magnetiequivalent Ge neighbors. This confirms the earlier

field. The principal values obtained in this study are given in@ssignmerftof the band to the V& defect. _

the last column of Table VI. We can conclude that gor) All these conclusions are based on the comparison of the

andg, 11 values following the three studies are in excellentpr_ediCted. relative intensiti(_as of the_diffgrent components
’ . . with the integrated absorption of the individual components
agreement with each other. As for tigg 109 Vvalue, this

) : ) observed, together with verification that the Ge or O isotope
study confirms the value presented by KhirunefRine dif-

! ) shifts of these modes can be predicted accurately with a two-
ference ingy 109 value from Baldwirt can probably be re- parameter(m’ ; 2«) semiempirical model. With the fitted

lated to the fact that the value was derived from a Stud)apex ang|62a) we can make an estimate of the bond |engths

qsing_ natural Ge, resulting in an EPR spectrum with broadegg angles within the defects. In the case of the \48d the

linewidths. VO?~ center we find that the average position of the O atom
would be closer to the substitutional site than it was con-

IV. CONCLUSION

Reinvestigation of the IR absorption
669 and 731 cit with high-resolution measurement con-
firms the proposed modethat both defects contain a single

cluded beforé€.
An EPR study of a paramagnetic center in irradiated O

bands atdoped QMI"“Ge, together with an IR study using the same

sample resulted in strong proof to correlate the EPR signal of
the VO defect with the LVM at 669 cimt. From the angular

O atom bonded to two equivalent Ge neighbors. We emphat@riation of the EPR spectra, the paramagnetic center was
size that the two LVM bands belong to different defects. TheShown to have orthorhombic | symmetry with principgl

669 cm! band is ascribed to the VOdefect while the
731 cnmi! band is ascribed to either a,® (n>1) or a VO,
defect. The fine structure observed in the 669%band is
also found in the'®O counterpart located at 635 chlt is

values in close agreement with those of earlier stutifes.
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